The spectroscopic and electrochemical properties of two-dimensional electrostatic assembly of Au nanocrystals are examined on poly-L-lysine (pLys) modified gold electrodes. The surface preparation for the nanoparticle deposition involved the selfassembly of a monolayer of 11-mercaptoundecanoic acid on the electrode surface, followed by the electrostatic deposition of pLys from aqueous solution. The polyelectrolyte layer acts as the electrostatic anchor for the Au particles. Electrostatically stabilised Au particles were prepared by homogeneous reduction in the presence of citrate, yielding monodispersed colloidal suspension with an average diameter of 18 AE 2 nm. After 4 h of deposition, the citrate-stabilised particles reach a maximum surface density of (8.2 AE 0.1) Â 10 10 particles cm À2 , with an average edge-to-edge distance of 25 nm. The particle surface density was estimated from scanning electron micrographs. Kelvin probe measurements were employed for examining changes in surface dipole introduced by the 2D array of nanocrystals. From simple electrostatic arguments, the apparent static dipole moment per particle was estimated of the order of 2700 D. The strong interaction between the nanocrystals and the pLys layer is responsible for the surface charge displacement, leading to changes in the surface dipole of 0.35 eV. These electrostatic interactions also manifest itself by the red shift of the plasmon resonance of the assembly with respect to the aqueous colloidal suspension. Analysis of the spectral broadening was attempted within the framework of the so-called coherent-potential approximation. Finally, electrochemical studies in 1,2-dichloroethane show a large electronic overlap between the nanocrystals and the metal substrate. Results obtained from electrochemical impedance spectroscopy strongly suggest that the electrostatic assembly of nanocrystal behaves like a 2D array of randomly distributed spherical nanoelectrodes.
Introduction
The assembly of nanocrystals with a narrow size distribution on two and three-dimensional arrays is a key step in the development of nanoparticle based electronic components. [1] [2] [3] [4] Control over the nanocrystal size as well as interparticle and particle-substrate distance open up the possibility of designing junctions featuring mono-electron conductivity. [3] [4] [5] Various methods have been employed for assembling colloidal particles at electrode surfaces based on the properties of the '' anchoring '' species. The most common approaches entail chemical bonding (e.g. S-Au), [6] [7] [8] [9] [10] [11] van der Waals forces involving the stabilisers at the particle surface, [12] [13] [14] [15] [16] and electrostatic forces. [17] [18] [19] [20] [21] Although tremendous efforts have been devoted to the characterisation of nanoparticle arrays obtained by different assembling methods, systematic studies of the size and nature of the nano-object, deposition time, particle-substrate distance and so forth are somewhat scarce. The present contribution delivers our initial efforts towards establishing detailed correlation between the organisation of the assembly and the optical and electrochemical properties.
The spectroscopic features of Au nanocrystals in the visible domain are determined by the interband transitions and the collective excitation of conduction band electrons (plasmon). The latter is affected not only by the dielectric properties of the surrounding media but also by the size of the nanocrystals and the density of electrons. [22] [23] [24] The absorption features associated with the plasmon resonance in an ensemble of particles contain information on the particle distribution as well as on the effective dielectric properties of the film. In the case of assemblies on electrode surfaces, the effect of the potential on the plasmon intensity manifest itself by a homopolar electroreflectance signal as demonstrated by Baum et al. 25 and Sagara et al. 17 These studies demonstrated that the electron occupation in the nanoparticle assembly is determined by the position of the Fermi level of the solid. Furthermore, both works reported a red shift of the electroreflectance signal with respect to the plasmon resonance of the colloidal solution, suggesting significant changes in the effective dielectric properties of the surrounding medium and/or lateral particle interactions.
The electrochemical behaviour of Au assemblies has also been studied in connection to the dynamics of electron transfer 21, [26] [27] [28] and quantised double layer charging. [28] [29] [30] [31] [32] Recent works by the groups of Murray and Chen have provided clear evidence of stepwise charging of the double layer at Au clusters of less than 2 nm diameter at room temperature, which is a phenomenon comparable to the so-called coulomb staircase. Cluster of these dimensions appear to exhibit measurable electron transfer rate constant to the underlying electrode surface of the order of 100 s À1 . 27 Chen and Pei have also shown that the electron transfer rate is affected by the length of the alkyl chain employed as stabiliser of the Au clusters. 28 In the present paper, we shall study the deposition and properties of ensembles of Au nanoparticles on modified polycrystalline gold electrodes. The assembling process is driven by electrostatic forces between the citrate groups located at the particle surface and a poly-L-lysine layer deposited on the electrode surface. The density of particles as a function of the time of deposition was monitored ex situ by scanning electron microscopy and Kelvin probe measurements. The latter provide information on the changes of the surface dipole of the electrode in the presence of the Au nanocrystals. Average dipole moments for the nanocrystal of the order of 2700 D can be extracted from the change in the work function at the maximum particle coverage. Absorption spectra of the particle assembly obtained in reflection mode exhibit a substantial broadening with respect to the spectrum of the colloidal suspension due to the interaction with the polyelectrolyte layer and the disordered nature of the ensemble. Finally, the electrochemical reactivity of the system can be rationalised as a 2D assembly of randomly distributed nanoelectrodes, featuring a strong electronic overlap with the underlying metal substrate.
Experimental

Synthesis of Au nanoparticles
All the reagents used were of analytical grade. Colloidal solution of citrate stabilised Au particles were synthesised employing the well-known Turkevich method. 33 Fig. 1 . The average diameter obtained over an ensemble of 100 particles was 18 AE 2 nm.
Preparation of the polycrystalline gold electrodes
The gold electrodes were fabricated by thermal evaporation on glass slides at a pressure of less than 5 Â 10 À6 mbar (Edwards Auto 306). The glass slides were cleaned by sequential sonication in ethanol and acetone for 15 min each, followed by rinsing with copious amount of purified water in an ultrasound bath and dried under a stream of Ar. The evaporation procedure involved the growth of a 10 Å thick layer of chromium (99.99%, Balzers) at a rate of 1 Å s À1 to enhance the adhesion of the gold film. The gold film was initially grown at a rate of 1 Å s À1 up to 50 Å and subsequently at 20 Å s À1 up to 1000 Å . The relatively high growth rate generates an amorphous gold film with a work function of 5.20 AE 0.05 eV.
Protocol for the assembly of nanoparticles
The freshly prepared gold electrodes were dipped into an ethanolic solution of 10 À3 mol dm
À3
11-mercaptoundecanoic acid (MUA) for 12 h. The MUA grafting time was established from measurements of the temporal evolution of the work function of the system. Kelvin probe measurements of gold slides as a function of the time of exposure to the MUA solution feature a monotonic increase of the work function, reaching a plateau after 10 hours. 34 This behaviour indicates that the self-assembled monolayer (SAM) is formed inducing an average surface dipole pointing towards the metal surface, taking the dipole direction as from d À to d + . The excess of MUA molecules were removed from the electrode surface by rinsing with ethanol several times, washed with water and dried in an argon stream.
The SAM modified electrode was subsequently introduced into 1 g dm À3 aqueous solution of poly-L-lysine (pLys) at pH 7 for 30 min. At this pH, the carboxyl groups of the MUA layer are deprotonated, leading to an electrostatic induced deposition of pLys at the surface. 35 The average thickness of this layer is of the order of 3 nm. 36 The electrode is subsequently removed and rinsed thoroughly with water to eliminate the excess of the polyelectrolyte. The cationic pLys layer plays the role of an electrostatic anchor to the negatively charged Au colloids. The subsequent steps involve the introduction of pLys modified electrode into the colloidal Au suspension for a given period of time. After the nanoparticle deposition, the electrode was copiously rinsed with water and dried under Ar prior to further characterisation.
Electrochemical measurements
Cyclic voltammetry and electrochemical impedance spectroscopy in the presence of ferrocene as redox couple were performed in 1,2-dichoroethane. The rationale behind the use of a hydrophobic solvent is to avoid the interpenetration of the electrolyte into the ultrathin layer assembly. The supporting electrolyte was bis(triphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate. The preparation of this electrolyte has been reported elsewhere. 37 Two platinum wires were employed as pseudo-reference and secondary electrodes. The geometrical surface areas of the working and secondary electrodes were 1 and 3 cm 2 respectively. All the potentials are referenced to as the formal redox potential of ferrocene, which corresponds to (0.64 AE 0.02) V with respect to the standard hydrogen electrode. 38 
Instrumentation
Measurements of the work function were performed with a Kelvin probe (Delta Phi) in a glove box under Ar atmosphere and room temperature. A 10 mm diameter gold plate was used as reference. The average distance between the reference plate of the probe and the sample was kept at ca. 1 mm during the measurements. SEM images were obtained from a JEOL JSM 6300F microscope at 3 kV accelerating voltage. Absorption spectra were measured under reflection mode using an Arc-Xe lamp and a spectrograph Jobin-Yvon Spex TRIAX 190 Series fitted with a CCD detector (CCD-3500). The electrochemical measurements were carried out with an Autolab PGSTAT12 system equipped with a frequency response analyser module. Electrochemical impedance spectra were collected in the frequency range between 1 Hz and 10 kHz, with an ac-potential amplitude of 10 mV rms.
Results and discussions
Electrostatic assembly at pLys modified gold electrodes
The work function (F) of the nanoparticle-modified electrode was monitored ex situ as a function of the deposition time by Kelvin probe measurements. By definition, F is determined by the chemical potential of electrons (m e ) and the surface potential (w),
where e is the elementary charge. The assembly of negatively charged particles leads to an increase of the surface potential as depicted in Fig. 2 . Each point in the curve corresponds to a fresh sample in which the electrode was immersed for a fixed period of time in the colloidal suspension. Under Fig. 2 Time dependence of the variation in the surface potential and particle density during the electrostatic assembly of the Au nanocrystals on pLys modified electrodes. The change in surface potential was estimated from Kelvin probe measurements (see text), while the surface density of particles was obtained from SEM micrographs (see Fig. 3 ). A maximum surface density of (8.2 AE 0.1) Â 10 10 particles cm À2 was obtained after 4 h of deposition. purely electrostatic grounds, the change of the surface potential (Dw) can be expressed in terms of the average dipole moment (m) and the particle surface density (G)
where e m and e 0 correspond to the relative and vacuum permittivity respectively. From the results in Fig. 2 , it can be observed that the particle density reaches a steady state value after approximately four hours of deposition. No significant changes in the work function were observed for deposition time of more than 24 h. The surface density of nanoparticles at the electrode surface was directly estimated from SEM pictures as illustrated in Fig. 3 . The micrographs reveal that the particle density substantially increases after 60 min of deposition, reaching a maximum value after 4 hours. The size distribution extracted from the micrograph after 4 h deposition is depicted in Fig. 4a . The average size obtained from sampling 1980 particles resulted in 19.7 AE 2.9 nm diameter, with less than 5% of large aggregates. The maximum particle density obtained from the SEM images was (8.2 AE 0.1) 10 10 cm À2 . As shown in Fig. 4b , the edge-to-edge distance between the particles shows a narrow distribution with a maximum close to 25 nm. The interparticle distance reflects the electrostatic repulsion between the nanocrystals, which generates exclusion zones of dimensions comparable to the diameter of the particles.
As illustrated in Fig. 2 , the coverage as a function of the deposition time does not follow the t 1/2 dependence expected for a diffusion controlled adsorption process. 39 Assuming a Langmuir type of adsorption, the time dependent coverage (y) can be simply expressed in terms of,
where k a and k d are the phenomenological adsorption and desorption rate constants. The former is linearly dependent on the concentration of the particles in the suspension. The dashed line in . The charge and dimension of the nanocrystals are the determining factors behind these large dipole moments. Evaluation of the colloidal mobility by capillary electrophoresis established an average charge per particle of À1.0 Â 10 À17 C. 40 A dipole moment of the order of 2700 D requires a displacement of 5% of the particle charge within the nanocrystalline domain. Furthermore, our most recent results also show that the increase in the surface dipole is substantially smaller for particles with an average diameter of 1 nm. 41 The value of the induced dipole moment in the particles depends on the value considered as the effective dielectric constant. The spectroscopic analysis discussed in the next section provides a rationale for taking e m ¼ 2.3. The apparent increase of the average m with increasing surface density could be interpreted in terms of a collective effect of the particle ensemble, i.e. that the effective dipole moment of the assembly is larger than the sum of the contribution of each particles at the surface. We are currently extending this analysis to nanocrystals of different size and nature in order to gain further information on the relationship between the apparent m and the surface particle density.
Plasmon band in the particle assembly
The absorption spectra of the particles in the aqueous suspension as well as in the electrostatic assembly are contrasted in Fig. 5 . The spectra of the assembly for different deposition time were measured in reflection mode at an angle of 34 with respect to the normal, taking the reflection of the pLys modified gold electrode as reference. The aqueous suspension of the colloidal particle shows a well-defined plasmon resonance centred at 520 nm, while the assembly features a significantly broader band with a maximum around 560 nm. The light capture cross-section of the film increases as the time of deposition increases from 1 to 4 h. Considering the polarisable nature of the metallic nanocrystals, the shift of the plasmon band can be interpreted in terms of changes in the dielectric properties of the medium and lateral interactions through dipolar fields. In this section, we shall attempt a semiquantitative analysis of the main spectroscopic features, i.e. the position of the plasmon resonance and the band broadening.
Various models have been developed in the literature for calculating the average polarisability a(o) of crystalline domains distributed in a dielectric medium e m . One of the simplest approximation is given by the Maxwell-Garnet theory, which describes the effective dielectric function of a film featuring a random distribution of metallic spheres. [42] [43] [44] In this model, the local field acting on a particle is given by the Lorenz relation. As disordering effects and local field fluctuations are neglected, this model cannot account for the broadening observed in the absorption spectrum of the assembly. On the other hand, a more '' realistic '' approach is given by the so-called coherentpotential approximation (CPA). [45] [46] [47] Considering that the polarisability of a particle located at the origin of the lattice corresponds to a 0 (o), and the induced dipole moment due to an external field is p 0 , the CPA estimates the average dipole moment p ¼ cp 0 on each of the nanocrystal sites of the lattice. The parameter c is the fraction of sites occupied by the particles in the two dimensional array. The model establishes, corresponds to the Fourier transform of the dipole tensor. The summation in eqn. (5) determines the contribution of each of the particles in the array on the polarisability of the particle in the origin of the lattice, where R i corresponds to a position in the lattice. In order to simplify the resolution of eqn. (5), we shall assume a fcc structure of the array, which allows defining the parameter c in terms of the volume density of particles n as:
where l is the lattice constant. In addition, we can also define the volume fraction occupied by the particles f as,
This approximation implicitly redefined the system as a three dimensional assembly, where the effective thickness is determined by the diameter of the particles. The polarisability of a sphere is associated with its diameter by the Laplace equation, where e k is the complex dielectric function that can be derived from the Drude model, 24 ,48
taking e 1 k as the high frequency limit of the dielectric constant due to interband and core transitions, and o p as the bulk plasma frequency which is determined by the concentration of free electrons in the metal (N) and the effective mass of the electron (m e *),
The relaxation damping frequency o d is related to the mean free path of the conduction electrons (L e ) and the electron velocity at the Fermi energy (v f ),
The extinction efficiency (Q ext ) of the particles can be expressed in terms of the real and imaginary component of the dielectric function,
Analysis of the spectrum of the colloidal suspension (Fig. 5 ) based upon eqns. (9), (10) and (13) Fig. 6 . It is observed that the Drude model closely reproduces the essential features of the spectrum of the colloidal suspension. Knowledge of these parameters allows estimating the extinction cross section of the ensemble within the framework of the CPA model. The wavelength dependence of the arbitrarily normalised cross section of the assembly is also displayed in Fig. 6 as a function of f. As mentioned previously, this parameter is correlated to the particle distribution function contained in the summation in eqn. (5) . It is observed that as f increases, the broadening of the spectral responses drastically increases. The maximum of the spectral response is effectively independent of the parameter f and is given by the resonance condition, i.e. the wavelength for which e 0 k ¼ À2e m . The simulations show that the maximum of the spectra somewhat approaches the experimental values for e m ¼ 2.3, which is close to the value reported for pLys. 49 This result suggests that the polyelectrolyte layer exert a strong effect in the polarisability of the particles even if these are not embedded but '' sitting '' at the surface of the layer.
In relation to the spectral broadening, our preliminary analysis shows a substantial overestimation taking the average particle distance obtained from the SEM micrographs. From the micrographs in Fig. 3 , it can be estimated that the values of f are between 0.20 and 0.25. However, the simulations in Fig. 6 predict spectral broadening similar to those observed experimentally for films with lower volume fraction. These differences do reflect the high complexity involved in these studies as well as limitations in the approach. To establish a more quantitative analysis of the spectral properties of the assembly, we would require a more accurate description of the particle distribution, extending beyond simply the average distance. We are currently performing more comprehensive spectroscopic studies in order to fully characterise the environment surrounding the particles in the assembly.
Electrochemical properties of the nanocrystal assembly
Cyclic voltammograms in DCE in the presence of ferrocene for the various stages in the preparation of the nanoparticle assembly are contrasted in Fig. 7 . As expected for this redox couple, the cyclic voltammogram for the bare gold substrate indicates that the rate of oxidation is controlled by the diffusion of species to the electrode surface. Upon modification of the substrate by the SAM and pLys layer, the cyclic voltammograms exhibit a substantial increase in the peakto-peak separation with respect to the bare metal substrate. This behaviour indicates that the kinetic of oxidation is determined by the rate of electron transfer across the film at the formal transfer potential. The effect of SAM on the rate of electron transfer has been extensively studied in the literature, although the large majority of the works have been concentrated in aqueous electrolyte. Upon deposition of the Au nanocrystals for a period of 1 h, the voltammetric features observed for the bare electrode are effectively recovered. Furthermore, no significant effects on the peak current are observed upon increasing time of deposition. These results indicate that the electron coupling between the particles in the ensemble and the electrode substrate is rather strong and that the current is effectively controlled by the diffusion of ferrocene to the nanoparticle assembly. A similar voltammetric behaviour has also been reported by Sagara et al. for Au nanoarrays assembled on aminoalkanethiol in aqueous electrolyte. 17 Uosaki et al. have also demonstrated that fast electron transfer can take place from ferrocene groups covalently bound to the gold nanocrystals. 21 The trends observed in the voltammograms can be rationalised in further detail by the acimpedance spectra obtained at the formal redox potential of ferrocene. As shown in Fig. 8 , the impedance responses for the nanoparticle-modified electrodes show a Warburg-type behaviour over the frequency range from 1 Hz to 10 kHz. By contrast, the impedance of the modified electrodes in the absence of the nanoparticles describes essentially Randles behaviour over most of the frequency range with charge transfer resistances of (5.6 AE 0.1) Â 10 3 and (6.2 AE 0.1) Â 10 3 O for the SAM and pLys terminated surfaces respectively. The high values of the charge transfer resistance indicate the blocking nature of the SAM and pLys layer, which prevent the approach of the redox couple to the electrode surface. Although the organic solvent may affect the stacking of the alkyl chains in the SAM, it appears that the carboxyl termination inhibits the penetration of the redox species through the monolayer. The rather hydrophilic character of pLys increases the distance separating ferrocene to the metal substrate, further increasing the charge transfer resistance. However, this partial blocking effect is removed upon decorating the surface with Au nanocrystals. The fact that the impedance is determined by the diffusion of ferrocene to the modified electrode provides a clear indication of the strong electronic coupling between the substrate and the nanoparticles.
The impedance responses for the nanoparticle assembly at the formal transfer potential of the ferrocene oxidation remains very little affected by the time of deposition. The electron transfer is effectively '' channelled '' through the nanocrystals at the surface to the metal substrate, and this situation can be depicted as an array of '' nanoelectrodes '' distributed on an electrochemically inactive surface. In this case, the transient current responses should reflect a spherical mass diffusion profile around the nanocrystals at short times, developing to an overall planar geometry after the spherical diffusion profiles of neighbouring particles overlap Fig. 8 Complex representation of the electrochemical impedance responses at the formal reduction potential of ferrocene for the MUA (circles), pLys (triangles) and Au nanocrystals (crosses) modified electrodes. The deposition time of the nanocrystals was 1 h. The MUA and pLys modified electrodes exhibit a kinetic controlled electron transfer, while the oxidation on the nanoparticle assembly is limited by the ferrocene diffusion. Fig. 9 Schematic representation of the overlap of the diffusion profiles generated around the particles in the 2D array. The transition from spherical to planar diffusion takes place at times shorter than 1 ms (see text).
in space. This phenomenon is schematically illustrated in Fig. 9 . From the model developed by Scharifker 50 for nanodisk arrays, the transition of spherical to planar diffusion takes place a time t s-p,
where D corresponds to the diffusion coefficient. Evaluating eqn. (14) for G of the order of 5 Â 10 10 cm À2 and D ¼ 10 À5 cm 2 s À1 , it is obtained that the transition time is less than one microsecond. Consequently, the impedance measurements have to be extended into the MHz region in order to probe the spherical diffusion around the nanocrystals. Unfortunately, this frequency range is inaccessible under our current experimental conditions. The issue of addressing the electrochemical reactivity of single particles in 2D assemblies remains a highly controversial issue. 51, 52 Finally, we have examined the impedance responses at potentials more negative than the formal oxidation potential of ferrocene in order to evaluate the differential capacitance (C diff ) as a function of the number density of particles. Assuming that the effective surface area of the modified electrode is determined by the exposed area of the gold nanocrystals, it follows that:
where C diff corresponds to the characteristic differential capacitance per unit area. Relation (15) corresponds to the roughness factor of the modified surface with respect to the metal substrate. The measured differential capacitance normalised by the capacitance of the bare Au substrate as a function of the particle density is illustrated in Fig. 10 . The plot provides a linear relationship with a slope of (1.7 AE 0.2) Â 10 À11 cm 2 , which is rather close to the average particle area of approximately 1.3 Â 10 À11 cm 2 . These results not only confirm our conclusion that nanoparticles behaves like a 2D assembly of spherical nano-electrodes, but also provide a convenient electrochemical tool for accessing the number density of particles at the surface.
Conclusions
The electrostatic assembly of citrate stabilised Au nanocrystals of 18 AE 2 nm diameter on pLys modified electrodes yields monodispersed randomly distributed 2D arrays. A maximum particle Fig. 10 Roughness factor as a function of the particle density at the modified electrode surface. The slope effectively corresponds to the average surface of a single particle. This result indicates that the exposed surface area of the particles in the assembly determines the double layer capacitance, i.e. the system approaches the behaviour of a 2D array of spherical nanoelectrodes. density of (8.2 AE 0.1) Â 10 10 cm À2 separated by an average edge-to-edge distance of 25 nm is obtained after 4 hours of deposition in stagnant solution. The electrostatic interaction between the polyelectrolyte and the nanocrystals manifests itself by the development of a static dipole moment of the order of 2700 D per particle. This dipole moment was estimated from the changes in the surface potential measured by ex situ Kelvin probe analysis. Considering the size of the nanocrystals, the apparent dipole moment corresponds to a displacement of ca. 5% of the average particle charge.
The absorption spectra of the nanoparticle assembly obtained in reflection mode exhibit a plasmon band red-shifted and considerable broader with respect to the spectrum of the particle in the aqueous suspension. The absorption spectra were analysed within the framework of the coherent-potential approximation, which allows evaluating the induced dipole moment in randomly occupied lattice of particles. This model was able to reproduce the spectral broadening to a some extent considering the interparticle distance estimated from the microscopic analysis. Furthermore, it was obtained that the red-shift of the plasmon band is determined by the interaction between the particles and the pLys layer.
Electrochemical studies in 1,2-dichloroethane show a strong electronic overlap between the nanocrystals and the metal substrate. The ferrocene oxidation at the formal redox potential appears controlled by the rate of electron tunnelling across the SAM and pLys layer in the absence of the Au nanoparticles. Upon electrostatic adsorption, the cyclic voltammogram recovered the diffusion-controlled features obtained for the bare metal substrate. Planar diffusion phenomena were observed due to the overlap of the spherical diffusion profiles generated around each particle. Finally, it is demonstrated that measurements of the double layer capacitance provide a simple mean for estimating the effective surface area of the nanocrystal assembly. The ensemble of the experimental results allows concluding that the particle assembly behaves as a 2D array of randomly distributed nano-electrodes.
